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Abstract 
In this paper ohmic switches allowing sequential switching of multiple contacts to improve the device reliability are proposed. 
The switches are based on a novel design concept featuring bidirectional operation using both piezoelectric and electrostatic 
actuation. To enhance the hot switching capabilities two sequentially operating contact groups are introduced, enabling the 
protection of the low resistive contact by a more reliable contact. Measurement results of fabricated MEMS switches have proven 
that reliable sequential switching is achieved independently from the contact gap and actuation mode. Furthermore, the switches 
feature very low contact resistances of less than 0.3 ȍ and are able to overcome contact sticking under hot switching by applying 
bidirectional actuation.  
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1. Introduction 
Although a lot of research within the field of ohmic RF-MEMS switches has been done, the reliability of current 
devices under hot switching is still insufficient for many applications [1]. One of the main reasons are the low 
contact forces of micro-scale actuators, which require the use of soft contact materials like Au in order to achieve 
contact resistances below 1 ȍ. However, even under small loads Au contacts tend to stick easily as a result of cold 
welding. Harder, high melting metals on the other hand can improve the reliability significantly but require much 
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higher contact forces. In order to achieve both a good reliability and a low contact resistance, the feasibility of a 
dual-contact approach based on a new type of  bidirectionally actuated switches [2-4] is investigated. 
 
2. Concept 
The basic idea of the dual-contact approach is to suppress the aging of a sensitive low ohmic contact by arranging 
a second more reliable contact in parallel within one single device. The concept as illustrated in Fig. 1 (a) is based 
on a novel switch design previously reported in [2]. A disc shaped actuator consisting of piezoelectric PZT on top of 
a passive AlN layer is suspended on one side using three rigid anchors. Along the edge of the actuator two extended 
AlN wings are arranged. Each wing contains two movable contacts A and B, whereas all four contacts are connected 
by a rigid metal bar. Above the movable ones the corresponding fixed contacts are arranged. Furthermore, an 
additional clamping electrode for electrostatic actuation is located underneath the actuator. 
 
 
Fig. 1. Schematic of switch design with 160 μm actuator diameter (a); FEM displacement field in on- (b) and off-state (c);  
cross-sectional illustration of switch operation in idle- (d), on- (e) and off-state (f). 
In idle-state, all contacts are open whereas the contact gap is determined by the stress caused deflection of the 
actuator, see Fig. 1 (d). Under applied voltage the PZT film contracts and forces the actuator to form a bowl shaped 
structure. As a result of the asymmetric anchoring the deformed actuator becomes tilted and closes the signal path 
by pressing the lower contacts against the upper ones, see Fig. 1 (b) and (e). At the same time the bottom surface of 
the actuator touches the substrate, stiffening the actuator and leading to very high contact forces. To open the 
contacts the piezoelectric drive is disabled and a voltage is applied to the clamping electrode. Due to the zipper 
effect high release forces are generated even at low driving voltages. Subsequently, the actuator is clamped to the 
substrate, preventing temperature and signal induced contact gap variations during off-state, see Fig. 1 (c) and (f).  
As a result of the specific positioning of both contact pairs A and B, time-sequential contact closing and opening 
is achieved. In case of contact closing, contacts of type A are closed at first, while contacts of type B are closed 
delayed after higher forces are built up and the AlN wings are deformed. In case of contact opening the sequence is 
reversed so that contacts of type B are opened before their counterparts of type A. Consequently, arcing and contact 
welding as a result of hot switching primarily takes place at contacts A, where the highest electric fields during 
closing and opening occur. Since the largest contact forces are available here, hard contact materials can be used to 
minimize contact degradation and sticking, resulting in a medium resistive but reliable protection contact. Contacts 
of type B on the other hand are stressed significantly less as the voltage drop across the contacts is reduced by 
contacts A. This allows the use of soft contact materials, which ensure a low total contact resistance during on-state. 
To obtain optimum performance, the force distribution as well as the switching delay of both contact types can be 
adapted by adjusting the contact position and wing geometry. In such a way, good reliability and low contact 
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3. Fabrication 
Functional MEMS switches have been fabricated using surface micromachining technology, see Fig. 2. First of 
all a doped poly-Si clamping electrode covered by a thin SiO2 isolation layer is defined and structured on an 
oxidized 8-inch silicon wafer. Thereafter amorphous silicon and AlN are deposited, forming the sacrificial and 
passive layer, respectively. This is followed by the realization of the piezoelectric layer, consisting of 1 μm 
sputtered PZT embedded between two driving electrodes. Subsequently the actuator stack is patterned using 
dedicated wet and dry etching processes. By electroplating 5 μm Au the actuator anchoring and the lower part of the 
ohmic contact are established. Then the upper contact is realized by overplating 40 μm Au over structured photo 
resist. The height of the upper contact is adjusted so that the initial deflection of the actuator does not close the 
ohmic contact. Finally, the switch is released by removing the sacrificial layer using XeF2 gas phase etching. In [4] 
the process is described more detailed. 
 
 
              
Fig. 2. Simplified cross-section (left) and SEM image (right) of a fabricated MEMS switch with 160 μm actuator diameter.    
 
4. Results and Discussion 
In order to demonstrate the capability of time sequential operation, two types of switches with actuators 160 μm 
in diameter and Au-Au contacts as shown in Fig. 2 have been characterized with respect to switching speed and 
contact resistance. Each type features one of the respective contact positions A and B as illustrated in Fig. 1 (a).   
For the determination of switching speed in unidirectional actuation mode a pulsed driving voltage with a peak-
to-peak value of 20 V was applied to the piezoelectric actuator, while the state of the switch was obtained using a 
DC sensing signal as described in [3]. Fig. 3 (left) shows the measured switching time of four device pairs, each 
comprising two neighboring switches with different contact positions A and B. Due to layer thickness and stress 
variations over the wafer, the initial deflection of the piezoelectric actuators and consequently the initial contact 
gaps are different for each pair. While the absolute switching time is primarily determined by the initial contact gap, 
in all cases the switches with contacts of type A are closed significantly faster than their neighboring devices with 
contacts of type B. This is consistent with the predictions above and proves that sequential switching as described 
above is feasible. However, it must be emphasized that if both contacts are integrated in the same device, the 
switching delay of contact B would be even higher due to the deceleration after the impact of contact A. Please note 
that this increase could be reduced or even overcompensated by adjusting the contact positions as mentioned above. 
To investigate whether sequential switching can be maintained under bidirectional actuation, an additional but 
inverted driving signal is applied to the electrostatic electrodes of the same devices, clamping the actuators during 
off-state. As a consequence, the contact gap of all devices increases from a varying value given by the initial 
deflection to a stable value of about 9 μm, see Fig. 3 (right). Thus, the switching times increase but remain different 
depending on the contact position. In such a way, very stable and reproducible switching times are achieved for 
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Fig. 3. Measured switching time and contact gap in case of uni- (left) and bidirectional actuation (right). 
Regardless of the applied actuation mode and the contact position very low contact resistances have been 
observed. In case of 20 V driving voltage for the piezoelectric actuator an average total contact resistance of 
260 mȍ was measured using the 4-point probes method. This indicates that high contact forces are provided by the 
piezoelectric actuator, being consistent with the simulations [2] and offering the possibility to integrate harder 
materials for contacts of type A. 
Besides that, hot switching tests have revealed that in bidirectional actuation mode contact sticking as a result of 
cold welding is reduced significantly, allowing even Au contacts to handle high loads. For example, devices with 
contacts of type A were able to resist hot switching of signals with 15 mA and 15 VDC under ambient atmosphere for 
3×107 cycles without failure [4]. However, more extensive reliability tests as well as the integration of harder 
contact materials have not been done yet and will be presented in future works. 
  
5. Conclusions 
In order to improve the reliability under hot switching a novel type of ohmic MEMS switches featuring double-
contact operation and bidirectional actuation is proposed. The switches are based on a concept, which enables 
sequential switching of multiple contacts with one single device, thus allowing the protection of the low resistive 
contact by a more reliable one. Measurements carried out on fabricated MEMS devices with single contact pairs but 
different contact positions have confirmed that sequential switching is feasible for unidirectional and bidirectional 
actuation. Moreover, bidirectional operation has been proven to be an efficient way to improve both switching 
stability and hot switching capabilities. Based on the latest measurement results it is assumed that even with a single 
pair of Au contacts power levels well above 0.25 W could be handled under controlled atmosphere. With the dual-
contact approach another considerable improvement in terms of device reliability is expected. 
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